Miniaturized microscopes are lightweight imaging devices that allow optical recordings from neurons in freely moving animals over the course of weeks. Despite their ubiquitous use, individual neuronal responses measured with these microscopes have not been directly compared to those obtained with established in vivo imaging techniques such as bench-top two-photon microscopes. To achieve this, we performed calcium imaging in mouse primary visual cortex while presenting animals with drifting gratings. We identified the same neurons in image stacks acquired with both microscopy methods and quantified orientation tuning of individual neurons. The response amplitude and signal-to-noise ratio of calcium transients recorded upon visual stimulation were highly correlated between both microscopy methods, although influenced by neuropil contamination in miniaturized microscopy. Tuning properties, calculated for individual orientation tuned neurons, were strongly correlated between imaging techniques. Thus, neuronal tuning features measured with a miniaturized microscope are quantitatively similar to those obtained with a two-photon microscope.
Introduction calcium signals were quantified as relative increase in fluorescence over baseline, which was derived 137 from the mean lowest 50% values in a 60 s sliding window [27] . In order to compare signal and 138 noise amplitudes, miniaturized microscope data were resampled to the frame rate of the two-photon 139 microscope (10 Hz). For each neuron, the signal amplitude was determined as the largest mean 140 (across trials) response to any of the eight visual stimuli. Noise amplitude was calculated as the 141 standard deviation of the ∆F/F values in the two-second period before stimulus presentation. 142 A neuron was defined as orientation tuned if it matched two criteria. First, the response to 143 any of the eight movement directions was significantly different from any of the other directions 144 (p<0.01), tested using the non-parametric Kruskal-Wallis test. Second, we excluded neurons of which 145 the response to the preferred direction did not exceed the median response amplitude of the entire 146 population of neurons (miniature microscope: 0.115 ∆F/F; two-photon microscope: 0.0525 ∆F/F; 147 see Results and Fig. 3b ). Orientation tuning curves were constructed by averaging the response to 148 each movement direction and fitted with a two peaked Gaussian curve [28] . Preferred orientation 149 was defined as the maximum of the fitted curve, and the tuning curve bandwidth was defined as 150 half width of the fitted curve at 1/ √ 2 maximum. To quantify global orientation selectivity, we 151 determined the normalized length of the mean response vector (also referred to as 1-circular variance 152 or 1-CV) [29] . Methods; Fig. 1b ). Post-hoc immunohistochemical analysis revealed that 32.6 ± 7.3 % of excitatory 172 layer 2/3 neurons were labelled in the core of the bolus (injection titer of 1.15·10 10 GC ml -1 ; Fig. 1c ).
Using superficial blood vessels as landmarks, we centered the fields of view of both microscopes on the 174 same location. To overcome the differences in optical sectioning of both microscopes, we compared 175 a single, background-subtracted field of view recorded with the miniaturized microscope with a 
Extraction of stimulus-evoked responses of matched neurons 180
After careful, off-line matching of neurons across images, we were able to identify 488 neurons that 181 were present in both fields of view ( Fig. 2a ). This matching method allowed us to recognize a match 182 for many, but not all neurons in the imaged planes. Of note, we found that the population of neurons Before analyzing calcium activity from these neurons, we explored whether the obtained calcium 186 transients were robust to the choice of signal extraction method. To this end, we extracted single cell 187 calcium transients in a subset of miniaturized microscopy recordings by manual region of interest 188 (ROI) selection [13] , which involves outlining of the neurons' contours and direct surrounding by the 189 experimenter (see Methods). We contrasted this to constrained nonnegative matrix factorization for 190 microendoscopic data (CNMF-E) [14, 15] , which decomposes the recorded fluorescence into spatial footprints and temporal components modelling the calcium dynamics ( Figs. 2c,d) . The obtained calcium transients were similar in both signal amplitude and transient kinetics ( Fig. 2d ). However, 193 source extraction methods often return spatial footprints that extend beyond the boundaries of in the two-photon microscopy recordings ( Fig. 2a, right panel) . Hence, we chose to use a neuropil 209 correction factor of 0.0 for these experiments. In contrast, miniaturized epifluorescence microscopy 210 lacks optical sectioning, therefore we assumed that in those experiments virtually all of the signal 211 originating from above and below an outlined neuron will mix into the measured neuronal signal, 212 resulting in an estimated neuropil correction factor of 1.0.
213
In order to test whether our choice of neuropil correction factor for each method was appropriate, Methods for further explanation). The analysis showed that, in our two-photon microscopy recordings, 218 these parameters altogether depended very little on the choice of neuropil correction factor ( Fig. 2e ).
219
This indicated that neuropil contamination was negligible, and it validated the choice for the value 220 of 0.0 in two-photon microscopy recordings. However, in miniaturized microscopy recordings, all 221 three parameters depended strongly on the neuropil contamination factor; signal amplitude and 222 orientation selectivity (1-CV) increasing monotonically and bandwidth decreasing monotonically ( Fig. 2e ). The curves for miniaturized and two-photon microscopy recordings intersected when the neuropil correction factor approximated the maximum value of 1.0, suggesting that the choice of 225 neuropil correction factor in miniaturized microscopy recordings (1.0) is close to the optimal value.
226
Orientation tuned neurons show similar tuning properties in miniaturized 227 microscope and two-photon microscope recordings 228 We extracted the calcium transients of all matched neurons and quantified the responses to visual 229 stimulation ( Fig. 3a) . Both the average response amplitude (r s = 0.602, p = 1.841·10 -49 , n = 488 230 neurons; Fig. 3b ) and the ∆F/F signal-to-noise ratio (r s = 0.407, p = 6.348·10 -21 , n = 488 neurons; Fig. 2a,b as recorded with a miniaturized microscope (blue) and a two-photon microscope (red) during visual stimulation. Top: Blue and red marks indicate stimulus presentation for miniaturized microscopy and two-photon microscopy, respectively. Stimuli were presented in a pseudo-randomized order that was unique for each experiment. (b) Average ∆F/F response amplitude to the preferred stimulus (p = 1.841·10 -49 , Spearman's correlation) and ∆F/F signal-to-noise ratio of stimulus-induced calcium transients (p = 6.348·10 -21 , Spearman's correlation) of all matched neurons (488 neurons, n = 8 mice) in miniaturized microscope recordings plotted against the respective values in two-photon microscope recordings. Scale bars, 1 ∆F/F (a, vertical), and 25 s (a, horizontal).
In contrast, the median ∆F/F signal-to-noise ratio was significantly higher in two-photon mi-236 croscopy recordings (Mdn = 1.432) compared to miniaturized microscopy recordings (Mdn = 1.339,
237
Wilcoxon test, T = 69005, p = 0.003). Thus, while single-neuron visually driven fluorescence 238 changes were strongly correlated between microscopes, the absolute values of response amplitude 239 and signal-to-noise ratio were slightly different (this difference varies as function of the value of the 240 neuropil correction factor; see Discussion and Fig. 2e ). Orientation tuning properties of V1 neurons as imaged with a miniaturized microscope and a two-photon microscope. (a) Fractions of neurons that were classified as orientation tuned in miniaturized microscope recordings only (blue), using both microscopy techniques (purple), in two-photon microscope recordings only (red), or using neither microscopy technique (gray). (b) Distribution of preferred orientation (p = 0.777, two-sample Kolmogorov-Smirnov test), bandwidth (p = 0.020, two-sample Kolmogorov-Smirnov test), and global orientation selectivity index 1-CV (p = 0.806, two-sample Kolmogorov-Smirnov test) for all neurons that were orientation tuned in recordings with a miniaturized microscope (blue bars, 194 neurons, n = 7 mice) or a two-photon microscope (red bars, 133 neurons, n = 6 mice). (c) Preferred orientation (p = 2.02·10 -6 , circular correlation), bandwidth (p = 1.23·10 -4 , Spearman's correlation), and global orientation selectivity index 1-CV (p = 1.81·10 -4 , Spearman's correlation) for individual neurons (purple circles) that were orientation tuned using both microscopy techniques (84 neurons, n = 5 mice). The unity line is depicted as gray dashed line.
properties 277 To test to which extent observed differences between microscopy techniques could be explained 278 by test-retest variance, we performed a second miniaturized microscopy session spaced one week 279 apart from the first miniaturized microscopy session in four mice (Fig. 1a) . In order to allow a 280 direct comparison between this analysis and the results described above, we only considered neurons 281 that were also observed in the accompanying two-photon microscopy session. As expected, both 282 average response amplitude (r s = 0.585, p = 4.78·10 -18 , n = 181 neurons in 4 mice; Fig. 6a ) and 283 the ∆F/F signal-to-noise ratio (r s = 0.647, p = 6.45·10 -23 , n = 181 neurons in 4 mice; Fig. 6a ) were 284 strongly correlated between the two miniaturized microscopy sessions. When comparing the response 285 amplitude correlation of two consecutive miniaturized microscopy sessions with the correlation 286 between two sessions using the two different microscopes (Fig. 3b versus Fig. 6a ), the correlation 287 coefficient between these groups was not significantly different (Fisher's r-to-z transformation, z = 288 0.3, p = 0.382).
289
Finally, we assessed tuning curve parameters of neurons that were orientation tuned in both 290 miniaturized microscopy sessions, as well as visually detected in the two-photon microscopy session 291 (n = 49 in 3 mice). The preferred orientation (r circ = 0.348, p = 0.018) and bandwidth (r s = 292 0.319, p = 0.026) of these individual neurons correlated significantly between test-retest conditions 293 (Fig. 6b) . However, the test-retest relationship between the global orientation selectivity index was 294 not significant (1-CV; r s = 0.266, p = 0.065; Fig. 6b ), possibly because of the low number of neurons 295 that could be included in this analysis. Preferred orientation Bandwidth r circ = 0.348 p = 0.018 r s = 0.319 p = 0.026 Fig 6. Effect of test-retest variability on recorded response properties in V1. (a) Average ∆F/F response amplitude to the preferred stimulus (p = 4.780·10 -18 , Spearman's correlation) and ∆F/F signal-to-noise ratio of stimulation-induced calcium transients (p = 6.451·10 -23 , Spearman's correlation) of matched neurons (181 neurons, n = 4 mice) in two consecutive miniaturized microscopy sessions (Miniaturized 1 and Miniaturized 2). (b) Preferred orientation (p = 0.018, circular correlation), bandwidth (p = 0.026, Spearman's correlation), and global orientation selectivity index 1-CV (p = 0.065, Spearman's correlation) for individual neurons (black circles) that were orientation tuned during both consecutive microscopy sessions and visually detected in the two-photon microscopy session (49 neurons, n = 3 mice).
Discussion

297
We used calcium imaging to measure visual response properties of V1 excitatory neurons with both 298 a miniaturized microscope and a stationary two-photon microscope. The same neurons could be 299 identified in images acquired with both microscopes. This was achieved by making use of sparse 300 GCaMP6 labelling and volumetric structural imaging to overcome differences in optical sectioning 301 between the two microscopy techniques. The amplitude and signal-to-noise ratio of visually evoked 302 calcium transients of identical neurons were strongly correlated across imaging techniques and 303 tuning features of orientation-tuned neurons recorded with the two microscopes were similar at the
